Abstract A search through Crystal Structure Database was performed and the distances in contacts of XÁÁÁN,O, XÁÁÁH(N,O), and XÁÁÁC type were collected together with the information on spatial arrangement of the interacting fragments. A detailed statistical analysis showed that the shape of the halogen atom cannot be simply concluded on the basis of interatomic distances in crystal state although originally the concept of anisotropic charge distribution around halogen nuclei was postulated on the basis of such an analysis. It was proven that the conclusions in that case strongly depend on the type of center interacting with the halogen atom. Therefore, it was postulated that the shape of the halogen atom can be estimated for the unperturbed (due to intermolecular interactions) halogen atom. For this purpose, a method was provided to make possible a numerical quantification of the anisotropy of the halogen atom on the basis of electron density measurements performed within the framework of Atoms in Molecules Quantum Theory. The anisotropy of Cl and Br atoms in H 3 C-X and F 3 C-X (X=Cl, Br) was estimated for MP2 and DFT-B3LYP methods and several different basis sets. The influence of the method and the basis set on the degree of anisotropic distribution of electron density around halogen nuclei was discussed.
Introduction
Among different noncovalent interactions, the halogen bond (X-bond) attracts particular attention of researchers because, similarly as the hydrogen bond (H-bond), it is responsible for physical, chemical, and biologic properties of a large group of chemical species [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] . The X-bond is of the strength close to that of H-bond [1] and is strongly directional [17] . Thus, it is not only strong enough to bind molecules into larger complexes of stable structure but it also weak enough to be easily broken in experimental conditions or due to the processes occurring in living organisms. For this reason, X-bond is considered as an interaction which can play an important role in crystal engineering [18] , drug design [16, 19] , and new material engineering [20] . The mechanism of formation of X-bond seems to be well known. It has been generally accepted that due to anisotropy of halogen atoms, the partial positive charge occurs in the region of halogen valence sphere being placed opposite to the covalent bond linking the halogen atom with its adjacent atom (usually it is the carbon atom or another halogen atom, but not the hydrogen atom). This partial positive charge on the valence sphere of the halogen atom is often defined within the framework of NBO theory [21] as a sigma hole-a local deficit of an electron charge (a hole) being placed opposite the sigma bond [22, 23] . The sigma hole may interact with the local electron charge surplus such as lone electron pairs [17, 24, 25] , pi-type electrons [17, 24, 26] , or even sigma-type electrons [27] ; in this way, the mechanism of formation of X-bond can be well defined. However, there are some discrepancies regarding the nature of X-bonding. The sigma hole can be visualized graphically by the electrostatic potential projected on the electron density isosurface [16, 19] . As a result, the electrostatic nature of X-bonding was proposed [17] . However, in the literature, there are several reports based on the different interaction energy decompositions, in which it was shown that not necessarily electrostatic interaction, but HOMO-LUMO charge transfer and polarization [28] , induction, and/or dispersion [27, 29, 30] are responsible for X-bonding. Unfortunately, each type of the interaction energy decomposition is always connected with an arbitrary procedure, and the components of interaction energy obtained within the framework of different schemes are often incomparable. What is more, it should be expected that depending on the physical and/or chemical conditions, the nature of X-bonding may vary, which additionally complicates the situation. For this reason, the final agreement regarding the nature of X-bonding has probably not been reached yet. Undoubtedly, the anisotropy of halogen atoms is considered as the phenomenon which directly lays the foundations of X-bond formation.
To the best of our knowledge, the first report on anisotropy of halogen atoms was published by Nyburg and Faerman in 1985 [31] . On the basis of statistical analysis of data collected in Crystal Structure Database (CSD) [32] , it was reported that the shape of halogen atoms ''…is more or less spheroidal, always having the shorter radius along the atom-to-carbon bond vector (polar flattering).'' Such a conclusion was drawn after the analysis of interatomic distances in crystals. Later, in 1994, Price et al. [33] were investigating the nature of R1-ClÁÁÁCl-R2 interactions; on the basis of the analysis of ClÁÁÁCl distances in crystals and also on the basis of quantum-chemical calculations they concluded that such interactions were stabilizing, but what is particularly important, for the first time the phenomenon of anisotropic charge distribution around halogen nuclei was directly linked with the phenomenon of the ClÁÁÁCl noncovalent bonding. (Note that due to the same mechanism of formation, the ClÁÁÁCl interaction can be considered as a specific type of X-bonding; however, the term ''dihalogen bond'' is also often used for such type of interactions to distinguish them from typical X-bonds (e.g., R-XÁÁÁN,O) [34] . Finally, in 1996, Lommers et al. [29] performed a detailed analysis of geometrical and energetic parameters of ClÁÁÁO and ClÁÁÁN X-bonds and explained the mechanism of formation and the directionality of such an interaction by means of the concept of anisotropic electron distribution around the halogen atom. It is worth pointing out that these reports, being fundamental to the knowledge of X-bond, were prepared on the basis of the search through CSD. What is important, in each case, the anisotropic shape of the halogen atom was concluded after the analysis of distances between the halogen atom and another atomic center always having lone electron pairs. Thus, assuming anisotropic charge distribution around halogen nuclei, the atomic center possessing lone electron pairs is not a neutral probe with respect to the halogen atom. In other words, when such an atomic center approaches the halogen atom in the direction of the sigma hole, the attraction between both centers occurs (that is, between the lone electron pair and the sigma hole); whereas, when such a center approaches the halogen atom in the direction being perpendicular to the previous one, there is an additional repulsion between the two regions of electron density concentrations. When the non-neutral probe is used for the assessment of the halogen atom anisotropy, the observed result can be additionally amplified due to the directional character of attraction and repulsion between the interacting fragments. Therefore, it is interesting to know how far the anisotropic charge distribution can in fact be observed for the unperturbed halogen atom in a molecule. Very recently the anisotropy of several various atoms was estimated by means of integrations over stockholder atoms, and on that basis the anisotropy of halogen atoms was confirmed [35] . However, the estimated anisotropy of, e.g., Cl atom in HCl molecule was smaller than in the case of Si atom in SiH 4 molecule (30.2 9 10 -3 and 59.2 9 10 -3 , respectively). What is more, such an integration does not provide information on the directionality of the anisotropy itself, which, as a phenomenon, is directly responsible for X-bond formation. For this reason, we decided to take an effort to quantify the anisotropy of halogen atoms in molecules that are often used as model systems in the studies on X-bonding. We also wanted to show that depending on the probing center used in the search through CSD, the anisotropy of the halogen atom can be more or less efficient. Finally, our aim was to test how far the anisotropy of the halogen atom might depend on the basis set used for calculations. For the purpose of such an analysis, we provide a simple method which gives the possibility of the quantification of anisotropy.
Methodology
To study the degree of anisotropic distribution of electron density around halogen nuclei with respect to the method and the basis set, the following molecular models were chosen: chloromethane, bromomethane, trifluoromethyl chloride, and trifluoromethyl bromide.
All calculations were carried out by means of the Gaussian 09 suite of programs [36, 37] . Molecules were optimized by means of the hybrid functional of Becke with Lee, Yang and Parr gradient correction (B3LYP) [38, 39] and the second-order Møller-Plesset perturbation theory (MP2) [40, 41] levels of theory. In addition, the two types of MP2 calculations were considered, the MP2 using the SCF densities, and MP2 using the post-SCF densities.
For all methods, the number of different basis sets was tested, starting from the minimal 3-21G basis set, through the medium, and finally the large basis sets of Pople and Dunning type (For the original references to all basis sets, see Gaussian 09 references list available online [37, 42] ) and finishing with the augmented correlation-consistent Dunning-type basis set of the valence-split triple-n quality (augcc-pVTZ) combined with the pseudo core potential [42] in the place of the halogen atom's nuclei and core density.
All analyzed systems were optimized without any restrictions as to their starting geometries. However, it was requested that the structures of final molecules have a specific spatial orientation, where the covalent bond C-X (X=Cl, Br) was situated longwise one of Cartesian axes to make it easier to quantify the halogen atoms anisotropy. (This procedure is presented in detail in the next section of the article). The frequency calculations were performed to verify whether the obtained geometries correspond to the minima on the potential energy surface or not. No imaginary frequencies were found.
The analysis of the electron distribution function was performed with the AIM2000 [43, 44] program by means of the PROAIMS formatted wavefunction files, produced at the same level of theory as the geometry optimization was done.
Results and discussion
In our studies, we were interested in how far the halogen atom is characterized by anisotropic charge distribution. As mentioned in the introduction, the anisotropic charge distribution of the halogen atom was originally postulated on the basis of the distances between the halogen atom and the other atoms, such as N, O, or another halogen atom. What is important, the other atomic center always possessed the lone electron pairs, which means that it could act as the Lewis base. In this way, the probe used for the scan of the halogen atom surface was not a neutral one. In what follows, we repeat such an analysis using the N and O centers as probes (Note that the number of structures collected in CSD has increased significantly since the 1990s, which additionally increases the significance of the results obtained by means of statistical analysis). However, we enlarge our approach to include two additional types of centers considered as probes. We take an H atom attached to the N or O atom as the center which may act as a Lewis-type acid (the potential protondonating center). In addition, we search for contacts between the tested halogen atom and the C atom of any type, considering such a C atom as a center being more neutral in its nature than the N, O, or H(N,O) probes.
The search was performed using the following criteria:
1. The main criterion was the presence of the contact between the halogen atom X attached to carbon atom C and the atomic center considered as a probe and denoted as Y. See Scheme 1 for graphic representation. The XÁÁÁY distance was defined as being shorter than the sum of vdW radii ?0. [45, 46] . 2. The carbon atom to which the halogen atom X was attached was always of sp 3 type (tetravalent). 3. Only data from structures of the highest quality were collected. We consider the given structure as one of the highest quality when it fulfills the following criteria: R B 0.5, not disordered, with no errors, not polymeric, with no ions or powder structures. 4. The N-H and O-H bond lengths were normalized.
From the search, we obtained a set of two spherical variables, that is, the XÁÁÁY distance, jrj, and the angle u formed by vector r and the direction of the C-X bond. Those two spherical variables can easily be changed on two Cartesian variables x and y. In this way, we were able to obtain the distribution of points representing the position of the probe with respect to the halogen atom placed in the origin of X axis (horizontal direction) and Y axis (vertical direction). Figure 1 shows such a graphical representation. It is important to note that in this way, we keep the information about spatial orientation of the halogen (X) and the probe (Y) with respect to the C atom. In Fig. 1 , the Y axis is the elongation of the C-X bond direction, which means that the points placed on that axis lie exactly on the elongation of the C-X bond direction, being in an opposite position with respect to that of the C atom.
As it can be seen, the distance between the given halogen atom and the interacting center (the probe) depends on the type of contact. In the case of XÁÁÁN/O contacts, the anisotropy of distribution of points can be clearly seen in the case of heavier X atoms, with a maximum for iodine, where the shortest distances on elongation of the C-X bond (Y axis) are of around 2.7 Å , whereas the shortest distances in the direction perpendicular to the C-X bond (X axis) are [45] atoms, the same radii of the Cl atom can be deduced from Fig. 1 .
Passing from the XÁÁÁN/O to XÁÁÁH-(N/O) contacts, in the case of Cl and Br atoms, the situation with anisotropic distribution of points in the diagram is reversed and this time shorter distances (*2.5 Å ) appear for the direction perpendicular to the C-X bond (X axis); whereas, in the direction of the C-X bond (Y axis), the shortest distances are relatively longer (*3.0 Å ). For X=F there is again an exception, and the shortest distances measured both in the X and Y directions are of the same length. Interestingly, in that case, the relatively shorter distances (*2.5 Å ) can be noticed in the XY (diagonal) direction, thus, in a direction corresponding to the position of lone pairs located on the F atom. It is also worth pointing out that in the case of X=Cl and Br there is a concentration of points in the X direction, which can support the concept of anisotropic charge distribution around these atoms toward the elliptical shape, since, according to this concept, in that direction a surplus of electron charge should be observed. Looking at the number of populations of points in the diagrams a clear decrease of the number of points can be seen with the increase of halogen atom size. This is in line with general knowledge on H-bonding, according to which the protonaccepting properties of halogen atoms decrease with the increase of their size. In the case of X=I, merely seven contacts fulfilled the criteria of the search. Also, looking at Fig. 1 it can be said that, as compared with two other types of interactions, halogen atoms rather seldom form hydrogen bonds. This observation was earlier reported by Dunitz and Taylor [47] .
Finally, in the case of XÁÁÁC any contacts, no anisotropic distribution of points can be found although for IÁÁÁC any contacts some concentration of points in the direction corresponding to the C-I bond elongation (Y axis) can be noticed.
Summarizing, it can be said that generally the virtual shape of the halogen atom, when deduced on the basis of distances between this atom and another interacting center, strongly depends on the type of contact. When the carbon atom, being most neutral of all those taken into account was considered as a probing center, the deduced shape of the halogen atom is rather spherical with no noticeable anisotropy in charge distribution. Thus, a question arises if the halogen atom has a spherical or an ellipsoidal shape? And, if it is ellipsoidal, then does this shape result from the influence of the interacting center? In the next part of our article, we give answers to these questions, analyzing the distribution of charge density in the undisturbed halogen atom in H 3 C-X (X=Cl and Br) model molecules.
In order to quantify the anisotropy of the halogen atom, we introduce a simple parameter denoted as v, which can be defined as follows:
where r 1 is the vector of the arbitrary length corresponding to the van der Waals radii of the given halogen atom, the vector which is directed in the opposite direction with respect to the C-X bond (see Fig. 2 ), whereas r 2 is the vector of length estimated in the direction perpendicular to the r 1 vector. The values of van der Waals radii were taken from Bondi [45] (r 1 was 1.75 and 1.85 Å for Cl and Br, respectively). The length of r 2 was estimated on the basis of electron density distribution. First, the amount of electron density was measured at the end of the r 1 vector, and the electron density was scanned along the r 2 direction until the same value of electron density as that at the end of r 1 was found. This procedure is schematically illustrated in Fig. 2 . Fig. 2 Spatial interrelation between the r 1 and r 2 vectors used to define the v parameter Therefore, the only variable in Eq. 1 is the length of the r 2 vector. Since we used different methods and basis sets, this variable depends on the type of halogen atom and the quantum-chemical approximation used for the representation of this atom and its chemical surrounding. In Tables 1,  2 , 3, and 4 the data collected for several different basis sets and methods can be found. Two chemistry models were used, DFT-B3LYP and MP2, in the case of the latter both SCF and post-SCF densities were tested. As can be seen from Tables 1, 2 , 3, and 4, for all types of basis sets the anisotropy of the halogen atom can be confirmed. In the case of Cl atom, the values of anisotropy are of about 9-10 % with slightly larger mean v values for F 3 C-Cl, as compared with H 3 CCl. However, the difference is rather small, being of around 0.2 % for mean v values in the case of DFT calculations and only 0.05 % in the case of MP2 post-SCF densities. These differences are even smaller if we compare the results of calculations made with the aug-cc-pVTZ basis set, which we consider as the largest and therefore most reliable approximation. Apparently, it occurs that for the largest basis set the anisotropy of Cl atom is more efficient in the case of the H 3 C-Cl system (with the only exception for MP2-SCF densities, for which in F 3 C-Cl the v parameter is larger by about 0.5 % than that estimated for H 3 C-Cl). Note, however, that we consider the MP2-SCF densities as an approximation of the lowest reliability of those taken into account since these densities in fact are not consistent with equilibrium geometries estimated at the MP2 post-SCF level of calculations. Therefore, the significantly stronger X-bonds formed by F 3 C-Cl as compared with H 3 C-Cl [28] , cannot be explained merely on the basis of larger anisotropy of Cl atom in the former. In this case, another mechanism must be responsible for the additional strengthening of the X-bond, which may be connected with the charge transfer from Lewis base center into the inner region of Lewis acid center and not directly on the halogen atom (Cl in that case). This can be additionally supported by the fact that, according to the NBO analysis reported recently [27] , the charge transfer occurs from the Lewis base center to the more remote parts of the halogen. In the case of Br derivatives, the values of v are also similar for both H 3 C-Br and F 3 C-Br, this time, however, the values of v obtained for the F 3 C-Br system are slightly larger. Still, the differences are very small and can hardly explain significantly larger abilities of X-bond formation in the case of trifluoro derivatives. Clearly, Br atom is characterized by larger anisotropy than Cl atom. This was in fact expected since the larger atom is more susceptible to polarization. In general, the values of v estimated with the use of DFT-B3LYP and MP2 (post-SCF densities) are rather similar. Clearly, the basis set size, or more precisely its construction including polarization and diffuse functions, affects the v parameter much more effectively than the chemistry model itself. Undoubtedly, the presence of polarization and diffuse functions has the greatest influence on v. It is remarkable that the basis sets which are most saturated with polarization and diffuse functions give the results being in between those obtained for less saturated basis sets and the basis sets with no polarization and diffuse functions. This means that relatively smaller v values were obtained when no polarization and diffuse functions were included in the basis set, and relatively larger v values were obtained when basis sets partially saturated with polarization and diffuse functions were taken for calculations. Owing to this, the mean values of v estimated for all basis sets (and for the given method) are similar to the v values obtained for the largest basis sets. Nevertheless, for this reason, there is no clear tendency between, for instance, the number of basis functions or the number of primitives and the v parameter.
In addition, for comparative reasons, we also provide the results of the effective core potential (ECP) approximation. The ECP was introduced instead of the core region of the halogen atom, whereas aug-cc-pVTZ basis was used to describe the remainder part of the system. Los Alamos ECP model was used in that case [48, 49] . It occurs that in all cases, the use of the ECP model decreases the values of v. This tendency is stronger in the case of the larger Br atom for which the impact of the core region on valence electrons is more effective than for the lighter Cl atom. 
Conclusions
The search through CSD was performed and the distances in contacts of XÁÁÁN,O, XÁÁÁH(N,O), and XÁÁÁC were collected together with the information on spatial arrangement of the interacting fragments. A detailed statistical analysis of the data obtained in the CSD search shows that the shape of the halogen atom cannot be estimated merely on the basis of interatomic distances in crystals. It occurs that the virtual shape of the halogen atom estimated in such a way strongly depends on the type of interacting center. Since intermolecular interactions are not a sufficient source of information about the anisotropy of the halogen atom, an alternative way in which this physical property can be quantified was proposed. The analysis of electron distribution was performed within the framework of QTAIM for H 3 C-X and F 3 C-X (X=Cl, Br). Densities from DFT and MP2 methods and several different basis sets were investigated. It was shown that the polar flattering of the halogen atom can be measured and that it is equal to about 10 and 11 % for Cl and Br, respectively, when estimated in the valence region of the X atom.
It was also shown that the method used in calculations rather does not affect the anisotropy. The basis set used is much more important in this respect. In particular, the number of polarization and diffuse functions is decisive. However, no general relation between the degree of anisotropy and the size of basis set was found. 
